Introduction
Morquio A syndrome (mucopolysaccharidosis type IVA, MPS IVA) is an autosomal recessive lysosomal storage disorder (LSD) caused by deficiency of N-acetylgalactosamine-6-sulfate sulfatase (GALNS). This enzyme deficiency leads to progressive accumulation of the glycosaminoglycans (GAGs), keratan sulfate (KS) and chondroitin-6-sulfate (C6S). KS is produced mainly in cartilage tissue, and consequently, the GAGs accumulate primarily in the lysosomes of cartilage cells, associated ligaments, and extracellular matrix (ECM) produced by these cells [1] [2] [3] [4] . Thus, excessive storage of KS causes systemic skeletal dysplasia such as striking short trunk stature, cervical spinal cord compression, pectus carinatum, kyphoscoliosis, knock-knee, hypermobile joints and an abnormal gait with an increased tendency to fall [5] [6] [7] [8] .
Patients with Morquio A appear healthy at birth. Major signs and symptoms in most Morquio A patients are usually observed before their first birthday, including kyphosis, protrusion of the chest and prominent forehead. Milestones for walking are often delayed. Patients with Morquio A are usually evaluated during the second year of life for unique skeletal features including knock-knee, growth retardation, laxity of joints and abnormal gait with a tendency to fall in addition to kyphosis, protrusion of the chest and prominent forehead (Figures 1--3) . Patients with Morquio A can usually be distinguished clinically from patients with other MPS by preservation of intelligence and characteristic skeletal changes manifesting as a spondyloepiphyseal dysplasia with unique laxity of joints (knee, hand cervical spine, hip) and cervical instability. Odontoid hypoplasia is the most critical skeletal feature to be found in most Morquio A patients. Odontoid hypoplasia in combination with ligamentous laxity and extradural GAGs deposition can result in atlantoaxial subluxation and/or cervical stenosis with or without cord compression, cervical myelopathy or even death [5] [6] [7] .
Other potential complications include airway and pulmonary compromise (Figure 4 ), muscle weakness, valvular heart disease, hearing loss, fine corneal clouding and widely spaced teeth with abnormally thin enamel [5] [6] [7] . Patients with severe phenotype often do not survive beyond the second or third decade of life, primarily related to cervical instability and pulmonary compromise. Most Morquio A patients have difficulty with anesthesia because of narrow airway and a small, restrictive lung. Difficulty with both upper and lower airways of Morquio A patients increases as the disease progresses and greatly increases the risk of anesthesia and sedation [9] . Patients with mild manifestations of Morquio A have been reported to survive into the seventh decade of life [5] [6] [7] .
In spite of the devastating cartilage disease, there have been almost no data reporting histological and molecular evaluations of bone and cartilage pathology in Morquio A patients. Biopsies from two affected brothers have shown a poorly organized morphological structure in both the superficial and deep zones of articular cartilage [10] . Abnormal collagen modification was also found in articular cartilage [11] . Since in Morquio A patients the degeneration of cartilage is observed even at birth, chondrogenesis and endochondral ossification during early growth development may be already affected by accumulation of undegraded KS in cartilage.
A recent autopsied case revealed the accumulation of foam cells and macrophages in multiples tissues including bone, cartilage, ligaments, heart valves, aorta, lung, liver and kidney. These findings indicate that chronic inflammation may worsen clinical features in MPS IVA patients [12] . It was of interest that C6S was accumulated in aorta and heart valves.
Therapies for MPS have been developed experimentally and clinically. These include enzyme replacement therapy (ERT), gene therapy, hematopoietic stem cell transplantation (HSCT) and substrate reduction therapy (SRT), all of which lead to the partial improvement of clinical phenotypes. ERT is approved for use in patients with mucopolysaccharidosis I (MPS I) [13] , MPS II [14, 15] and MPS VI [16] [17] [18] [19] . A clinical trial for Morquio A has been conducted. Patients treated with ERT showed clinical improvement of somatic manifestations and improved quality of life. However, there are several limitations with current ERT: i) limited effect on neurological and skeletal symptoms [20, 21] , ii) rapid clearance from the circulation and iii) immunological issues (antibody production leads to reduced efficacy) [13, [22] [23] [24] . To resolve the above issues, a long circulating bone-targeting enzyme has been created [25, 26] .
Experimental gene therapies have been tested in animal models and human subjects [27, 28] . However, viral vectors for gene therapy have not been delivered to bone efficiently, and targeting the viral vector to bone remains a major challenge. Gene therapy with bone-targeting adeno-associated virus (AAV) vectors has been experimentally evaluated in Morquio A mouse models [6, 7, 29] . HSCT shows some benefits in physical activity and bone mineral density of treated mice, but longer term observations are needed. HSCT of MPS patients improves quality of life, but therapeutic effect remains limited in bone lesions [30] .
Surgical procedures for MPS IVA are often required and these increase with age; procedures include adenoidectomy, tonsillectomy, ear tube, cervical decompression/fusion, osteotomy, knee correction surgery and hip correction surgery. Most patients with Morquio A have subdural depositions of GAGs causing stenosis and odontoid hypoplasia resulting in subluxation and instability of cervical C1--C2 region. Therefore, physicians prescribe cervical spine fusion/ decompression surgery for the most affected patients even without signs and symptoms.
Procedures to fix bone lesions remain an unmet challenge. Specific delivery of drugs to avascular cartilage tissue has not yet been attained, although several promising results targeting drugs to bone to treat a range of bone diseases have been demonstrated to be effective both experimentally and clinically [26, [31] [32] [33] [34] [35] [36] [37] [38] 9] .
In this article, advanced therapies, ERT and gene therapy for Morquio A syndrome are described along with their expectations and limitations. These therapies are also reviewed for other types of MPS to investigate therapeutic effect in bone lesions. 
C. B.
20 year-old patient Figure 2 . Skeletal/joint disease----Hands (copyright permission from International Morquio Organization). A. Bilateral hand radiographs in a patient aged 6 years. Note the tapering of the proximal portion of metacarpals 2 through 5 and small irregular carpal bones. Ossification is less and premature, suggesting that the radiographic bone age is substantially delayed compared with the chronological age. B. Hyper mobile joints are obvious by the age of 2 --3 years. C. The hands in time take on a characteristic with tilting of the radial epiphysis toward the ulna, resulting from a combination of metaphyseal deformities, hypoplasia of the bones and degradation of connective tissues near the joint secondary to GAG accumulation.
Genu valgum
Pectus carinatum Kyphoscoliosis Prominent bone deformity enzymes have a short half-life in the circulation due to rapid clearance in liver, kidney and spleen by carbohydraterecognizing receptors, further limiting the availability of enzyme for delivery to bone and cartilage lesions.
ERT markedly reduces serum levels of tumor necrosis factor (TNF) and receptor activator of nuclear factor (NF)-kB (RANKL) in MPS VI rats, and therefore, ERT may have positive secondary anti-inflammatory effects on the organs that are not easily accessible to the enzyme, providing additional clinical benefits [42] . Another study on animals with MPS VI and VII indicated that ERT can prevent vertebral and facial bone abnormalities, but cannot reverse progressive deformities [43] . Degenerative joint changes are not delayed in animals treated since birth, although skeletal pathology is reduced, with more normalized bone dimensions and with more uniform bone density and a trabecular pattern [43] .
An MPS IVA clinical trial has been conducted and has shown a longer 6-min walk distance in a weekly infusion group compared with a placebo group [44] . The positive clinical effects of ERT are not derived from direct delivery of the enzyme to the cartilage. A surgical remnant from a 17-yearold Morquio A patient who had been in an extension clinical trial for 3 months did not show any evidence of reduction of vacuoles in cells of cartilage tissues. The underlying problems associated with progressive skeletal deformity and laxity of joints will remain unsolved by the current ERT that uses native enzyme coexpressed with sulfatase-modifying factor (SUMF 1) [45, 46] . Since bone pathology is observed at birth [47] or even earlier [48] in patients and newborn MPS IVA mice, a new approach such as bone-targeting system is needed to achieve significant clinical efficacy for the skeleton. Six months of ERT for adult MPS IVA mice was effective at reducing the development of pathology in visceral organs, but vacuolated chondrocytes in articular and epiphyseal cartilage still remained [25] .
Pathological analysis of MPS IVA mice treated continuously from birth to 3 months showed that although storage materials were still found in chondrocytes of growth plate and surrounding connective tissue, the column structure of the growth plate was more normally organized than that in untreated mice (Figure 4) . Although this is not a complete remission in bone pathology, this finding demonstrates the importance of early treatment. Thus, the therapeutic efficacy of the current ERT could be improved if patients are treated at a younger age [49] .
Careful long-term evaluation of ERT will be required to determine whether the infused enzyme can eventually improve skeletal pathology in Morquio A patients. Shortly after the start of ERT, most patients show decreased urine KS level, but a decrease in blood KS level has not yet been demonstrated. Urine KS could be derived from KS stored or filtered in kidney, and consequently reduced urine KS seen in treated Morquio A patients may not correspond to any improvement in bone pathology or any other clinical signs and symptoms. The majority of blood KS originates from the chondrocytes and their ECM, and therefore, its reduction would be a more direct indicator of bone improvement. It would be of great interest to know whether blood KS levels decrease over time, the extent to which blood and urine KS levels are correlated, how clinical improvements are correlated with reduction of blood and urine KS, and how blood and urine KS composition and characteristics differ.
To improve bone pathology, two alternative approaches of ERT have been developed using modified enzymes. One is to chemically modify an enzyme to prolong its half-life to treat MPS VII mice and the other uses a bone-targeting strategy to treat MPS IVA and hypophosphatasia mice.
b-Glucuronidase (GUS) was chemically modified to destroy mannose-6 phosphate moieties (PerT-GUS) so that the enzyme escapes clearance by mannose 6-phosphate and mannose receptors. This modified enzyme showed a markedly prolonged circulation half-life (over 100 times), compared with native GUS enzyme. The enzyme reduced central nervous system (CNS) storage more effectively than native GUS in an MPS VII mouse model [50] . To evaluate the effectiveness of long-circulating PerT-GUS in reducing the skeletal pathology, MPS VII mice were treated for 12 weeks with PerT-GUS or native GUS. Reduced storage material and a more organized growth plate were observed in PerT-GUS-treated mice compared with native GUS-treated mice. Long-circulating PerT-GUS provides a significant impact in rescuing bone lesions as well. This chemically modified GALNS enzyme into MPS IVA mice is now under investigation.
Hydroxyapatite (HA) is a major inorganic matrix in bone, but is not found in soft tissues. Drugs attached to HA will be released in the process of the bone resorption. Thus, targeting a drug to HA is a potential method for a selective drug delivery to bone. Recently, a novel bone-targeting peptide has been CT: 9 years old CT: 8 years old attached to an enzyme (alkaline phosphatase) and shown that the tagged enzyme is delivered more specifically to bone than unmodified native enzyme. This tagged enzyme improves the clinical and pathological consequence of systemic bone disease, hypophosphatasia and osteoarthritis [31, 32, 38] . A clinical trial for hypophosphatasia using this bone-targeting system showed substantial improvement of bone pathology and was clinically effective [33] .
Human GALNS has been bioengineered to tag a hexaglutamate sequence (E6) to its N-terminus (E6-GALNS). This tagged enzyme has a markedly prolonged retention in the circulation, increasing the blood levels to 20 times higher than that of the untagged enzyme since the glycosylation site has presumably been changed. The tagged enzyme was also retained longer in bone. Pathological analysis of MPS IVA mice treated with the targeting enzyme showed clearance of the storage materials from chondrocytes, especially after 24 weekly injections. These findings suggest that the use of the tagged enzyme enhances delivery and improves bone pathology in MPS IVA mice [26] .
Gene therapy
The recent approval of the first gene therapy products in Russia [51] and Europe [52] has brought new hopes into the gene therapy field. Although several studies have shown promising results for MPS [53, 54] , only three clinical trials have been approved as of July 8, 2013 [55] . The results of clinical trials have not been published yet. In this section, a review of research of potential gene therapies for MPS over the past 5 years is presented ( Table 1) . For MPS IVA, preclinical trials have been performed to demonstrate the feasibility of correction of the disease using adeno-associated virus (AAV)-derived vectors. Unique aspects of studies of MPS IVA include the first study of the impact of systemic coadministration of replacement enzyme with the sulfatase-modifying factor 1 (SUMF1) and the development of a modified AAV vector carrying a bone-tag peptide to improve its delivery to bone.
Here the current trend for gene therapies in MPS and prospects for novel gene therapies for MPS IVA are summarized.
MPS I (Hurler syndrome)
During the past 5 years, nonviral (plasmids or transposon) and viral (gamma-retrovirus, lentiviral or AAV) vectors have been used for gene therapy of MPS I in animal models (Table 1) . Nonviral vector-based therapy was conducted using plasmid [56] , minicircle DNA plasmid [57] and sleeping beauty transposon [58, 59] . In all cases, immunomodulation was necessary to achieve long-term gene expression, increased therapeutic enzymatic activities and reductions of accumulated GAGs. The potential for nonviral vector-based therapy was highlighted by the use of sleeping beauty transposon to obtain supraphysiological enzymatic activity levels [58, 59] and by the use of a fusion of a-iduronidase to transferrin to enable the delivery of enzyme across the blood--brain barrier after an intravenous administration [56] . Nonviral vectors could avoid some of the side effects associated with the use of viral vectors, but low and short-term expression still limit the impact of these vectors on gene therapies for MPS. In contrast to nonviral vectors, g-retroviral vectors allowed long-term expression and normal or even supraphysiological levels of enzymatic activity in serum and tissues in MPS I mice and dogs [60, 61] . GAG and secondarily elevated enzymes (b-hexosaminidase and b-glucuronidase) were reduced in most tissues, leading to the correction of hernias, chest deformities, joint disease, facial dysmorphia, corneal clouding, valvular heart disease and aortic dilatation. However, lesions in aorta and cervical spine were more difficult to correct, even when animals were treated in the neonatal period and with supraphysiological enzyme levels that were maintained for long periods (up to 7 years) [62, 63] . Self-inactivating (SIN) retroviral vectors have also been evaluated to reduce the insertional mutagenesis associated with g-retroviral vectors. Although SIN vectors allowed significant increases in enzymatic activity, correction of some biomarkers (e.g., GAG and secondary elevated enzymes) and improvements of clinical manifestations, they were not as effective as therapies with g-retroviral vectors [60, 64] . As an alternative approach, lentivirus has been used to transduce hematopoietic stem cells followed by transplantation of the transduced cells. This hematopoietic stem cell gene therapy provided better results than HSCT with untransduced cells and resulted in a complete normalization of bone deformities (i.e., skull width and femur and humerus length) and improvement of behavioral performance [65] .
Finally, AAV5 and AAV8 vectors were evaluated in MPS I mice and dogs [66, 67] . After a direct brain administration of vectors, only AAV8 showed significant improvement in accumulation of GAGs and neurocognitive dysfunction, suggesting the importance of selection of the vector.
MPS II (Hunter syndrome)
Two studies of MPS II gene therapy have been reported during the past 2 years ( Table 1) . In the first case, electro gene transfer was used to mediate the delivery of a plasmid to muscle cells [68] . Although a significant increase of enzymatic activity was observed in muscle from treated mice, activity was not detected in liver, spleen, kidney, lung and heart, and reduction in GAG storage was not observed in treated mice. Intravenous infusion of AAV2/8 vector was also used to mediate gene transfer in an adult MPS II mouse model, providing supraphysiological enzymatic activity in tissues, normalization of GAG storage and reduction of neuropathological alterations [69] .
MPS III (Sanfilippo syndrome)
Impairment of the CNS is the main characteristic of MPS III in both animal models and patients. Therefore, studies on gene therapy for MPS III have mainly focused on the correction of the neurodegeneration. As shown in Table 1 , AAV [66, [70] [71] [72] [73] [74] [75] , lentivirus [70, [76] [77] [78] and canine adenovirus (AdV) vectors [79, 80] have been evaluated for MPS IIIA and IIIB gene therapies, which have been delivered intravenously or by direct brain injection (i.e., intracranial, intraventricular, intracisternal or intracranial). A common approach for the treatment of MPS III was intravenous pretreatment with mannitol, which in most cases allowed an increase of the number of transduced cells in both brain and peripheral organs, as well as improvement of the therapeutic effect of the therapy [71, 72, 75, 78] . Except for the studies carried out with canine AdV vector [79, 80] , gene therapy for MPS IIIA and IIIB showed long-term vector maintenance and expression, improvement in behavioral performance, reduction of GAG in urine and/or tissues, increase in life span and normalization of secondary enzymatic activities (e.g., b-glucuronidase or b-hexosaminidase). Nevertheless, enzymatic activity in serum and tissues ranged between normal and subnormal levels, showing that supraphysiological enzymatic activities are not required to achieve a therapeutic effect in MPS III. Gene therapy (AAV vector) combined with bone marrow transplantation (BMT) has a synergistic effect of the correction of motor function, hearing impairment, and GAG storage, but negatively impacts the life span of the treated animals [73] . One of the studies using MPS IIIB dogs reported that immunosuppression was required to allow the production of the enzyme and the partial reduction of the GAG storage in the brain [66] . It is noteworthy that the correction of behavioral and neurological impairments in treated adult MPSIII mice represents the promising results for the treatment of MPS III patients. 
Conclusions
Refs.
MPS I Plasmid
Adult mice (3 weeks) Production of the fusion protein transferrin--alpha-L-iduronidase (IDUA) allowed higher enzymatic activity in the brain than an unmodified IDUA enzyme, after hydrodynamic tail vein injection [56] Transposon sleeping beauty Adult mice (3 months) IDUA activity levels maintained 100-fold wild-type levels with immunomodulation; reduction of GAG storage in most tissues, including the brain; correction of several clinical manifestations [58, 59] Plasmid minicircle DNA Adult mice (up to 80 days) Immunomodulation was necessary to achieved long-term IDUA activity levels for up to 80 days [57] g-Retroviral Neonatal and adult mice Gamma-retroviral vectors showed better results in enzymatic activity, GAG storage clearance and clinical corrections than self-inactivating retroviral vector.
Long-term expression was observed in 90% of treated animals, which prevented biochemical abnormalities in several organs, including complete correction of brain, hearing, and vision abnormalities [60, 63, 64, 109] g-Retroviral
Newborn dogs
(1 year) Enzymatic activity was up to 26-fold wild-type levels. Normalization of GAG was observed in most tissues, as well as an improvement of several clinical manifestations. Cervical spine disease was severe and difficult to correct.
[62,61]
AAV8
Newborn mice (10 months) Intracerebroventricular administration achieved IDUA increase in the hippocampus and motor and limbic neurons. Treatment prevented neurocognitive dysfunction. [67] AAV5 Adult dog (up to 8 months) Improvements in brain markers such as storage of GAGs, GM2 and GM3 were achieved but values remain higher than those observed in nonaffected dogs [66] Lentiviral Adult mice (6 months) Hematopoietic stem cells transduced with lentiviral vector showed IDUA activity levels in brain 4.5-fold wild type; therapeutic benefit provided by the use of transduced hematopoietic stem cells gene therapy on critical MPS I manifestations was higher than that observed only after HSCT. [65] MPS II Plasmid Adult mice Electro gene transfer achieved iduronate-2-sulfatase (IDS) activity levels in muscle, and therapeutic benefits were limited to this tissue. [68] AAV2/8
Adult mice Supraphysiological activity levels were observed in plasma and several tissues. GAG storage were completely corrected in all analyzed organs. [69] MPS IIIA Lentiviral Adult mice (6 --7 months) Normalization of enzymatic activity, reduction of GAG in the brain, improvement in behavioral performance; no obvious effect of mannitol pretreatment [77, 78] Canine AdV Adult and newborn mice (up to 20 weeks) Transient gene expression; partial reduction of GAG in the brain; production of neutralizing antibodies against the vector [79, 80] 
AAV9
Adult mice Transgene expression in the brain and peripheral tissues after intravenous infusion; normalization of GAG; reduction of brain inflammation; improvement of animal survival [74] MPS IIIB AAV2 and AAV9 [71, 72, 75] AAV2/5
Newborn mice
(1 year) Improvement of life span, motor function, hearing impairment, activity onset. GAG reduction was not observed. Combination with BMT had a synergistic effect on hearing impairment and GAG storage but antagonist on life span. [73] 
AAV5
Adult dogs (4 months) Immunosuppression is necessary for enzyme production and partial reduction of GAG storage. (1 year) Combination of intracranial AAV and intravenous lentivirus vector administration produced better results in recovery of motor function and hearing impairment than each vector separately. [70] Lentiviral Adult mice (6 months) Reduction of storage lesions in the brain, behavioral performance recovery [76] MPS IVA
g-retroviral
In vitro Enzymatic activity was increased in several cell types transduced with the vector, with levels higher than those observed in normal cells. [93] 
AAV2
In vitro and adult mice (12 weeks) Eukaryotic promoters induced similar expression levels than those observed with viral promoter. Coexpression with SUMF1 produced a significant increase in enzymatic activity and favored therapeutic levels in bone. [94, 95, 98] Bone-tagged AAV2 Adult mice (4 weeks) Modified vector showed significantly increase in bone affinity, which led to a significant increment in gene expression in bone cells and enzymatic activity of 41.9% of wild-type levels [104, 105] AAV2 and lentivirus
In vitro AAV vectors carried both GALNS and SUMF1 genes showed better results than when both genes were transduced separately. Lentiviral vectors allowed higher enzymatic activities than those observed with AAV vectors. [108] MPS VI
Lentivirus
In vitro and direct knee joint injection in rats Expression for up to 41 days in culture cells and up to 8 weeks in transduced synovial cells after direct knee joint injection [85] AAV2/8 Newborn and juvenile cats (up to 2 years) Wild-type enzymatic activities in animals treated reduction of GAGs in urine and tissues.
Improvement in heart abnormalities, femur length, growth plate architecture, facial dysmorphism and mobility test. No improvement in spine abnormalities Preexisting neutralizing anti-AAV8 antibodies negatively impact serum arylsulfatase B (ARSB) activity, GAG levels and femur length. [81, 82] -Retroviral Newborn cats (up to 8 years) Serum ARSB activity up to 18-fold normal. Normalization of GAG in urine and tissues, facial dysmorphism, body weight, femur length and heart abnormalities. Most of the spine abnormalities remained unaltered. High enzymatic activities can be maintained for up to 8 years without side effects [84] MPS VII Plasmid Adult mice Liver GUSB production and GAGs clearance in the peripheral tissues and brain [86] Sleeping beauty transposon Adult mice (14 weeks) GUSB activity levels were 100-fold wild type. Lysosomal pathology in the liver and other organs were partially corrected.
[58]
g-Retroviral
Neonatal dogs (up to 12 years) GUSB activity present in serum and tissues (including brain) for up to 12 years. GAGs were reduced in most tissues and femur length and mobility was improved but spine abnormalities were not completely corrected.
[62, 87, 88] AAV Adult mice (6 months) The hGBp promoter showed GUSB expression levels in the brain at similar levels as neuron-specific promoter. [91] AAV9 and modified capsid AAV Adult mice Modified capsid AAV corrected cognitive deficits and GAGs storage in the brain. AAV9 was inhibited by sialic acid present in the brain. [90] Lentiviral Newborn and adult mice Somatic correction was observed in neonatal and 7-week-old gene therapy mice. Lumbar and femoral lengths were significantly improved. [89] Lentiviral Adult mice With intravenous administration, brain pathology was partially corrected, while intracerebroventricular administration produced better correction in the brain and eye. [92] GUSB: beta-glucuronidase; HSCT: Hematopoietic stem cell therapy; hGBp: GUSB minimal promoter
MPS VI (Maroteaux--Lamy syndrome)
During the past 5 years, two important studies have been carried out for MPS VI (Table 1 ). In the first study, AAV2/8 vectors were infused to MPS VI cats at 5 or 50 days of age [81] . Reduction of GAGs in urine and tissues, and improvement in heart abnormalities, femur length, growth plate architecture, facial dysmorphism, and mobility test (walk, run, and jump) were observed in treated animals, while improvement in spinal and joint abnormalities was limited regardless of the doses and the age of treatment [81] . Later, it was observed that the presence of neutralizing antibodies (Nabs) significantly impact the serum arylsulfatase B (ARSB) activity, limiting the effect of the vector administration in GAG reduction and femur length [82] . Since antibodies to AAV8 have been observed in 15 --25% of healthy human populations [83] , these results show that clinical applications of this gene therapy will require Nab screening of patients prior to treatment. One of the most promising studies of MPS VI gene therapy indicates that a g-retroviral vector carrying feline ARSB gene should be infused into newborn MPS VI cats [84] . The animals were monitored for up to 8 years postinfusion, showing maintenance of supraphysiological enzymatic activity in serum and tissues, normalization of GAG in urine and tissues, and less pronounced facial dysmorphism, reduced body weight, reduced femur length, and heart abnormalities. Spinal abnormalities remained although some improvements were observed 6 years postinfusion. This study showed that, at least in cats, the coexpression of SUMF1 is not required to produce high levels of the deficient sulfatase and that high enzymatic activities can be maintained for up to 8 years without side effects.
The potential of lentiviral vector for MPS VI treatment has been evaluated in vitro (fibroblast and chondrocytes) and in vivo (direct knee joint injection in rats), showing expression for up to 41 days in culture cells and up to 8 weeks in transduced synovial cells after direct knee joint injection [85] .
MPS VII (Sly syndrome)
MPS VII has been one of the most studied MPSs in the development of gene therapy strategies for this group of diseases. During the past 20 years, gene therapy reports for MPS VII have used plasmid [86] , sleeping beauty transposon [58] and gamma-retroviral [62, 87, 88] , lentiviral [89] and AAV [90, 91] vectors (Table 1) . Nonviral vector-based therapy using a plasmid allowed pathology correction both in the peripheral tissues and in the brain [86] , while the use of a sleeping beauty transposon vector allowed an improvement only in somatic tissues reaching b-glucuronidase levels 100-fold higher than in wildtype animals, although immunomodulation was required to achieve long-term expression with this vector [58] .
One of the most promising results of the use of g-retroviral vectors in gene therapy for MPS was reported by Xing et al. [88] .
MPS VII dogs were treated 2 --3 days after birth and followed for up to 11 years. Treated animals showed that the therapeutic levels of enzymatic activity were maintained throughout the studied period without side effects associated with the therapy, and GAG storage in urine and tissues was significantly reduced. Although a significant correction was observed for most bone deformities, therapy failed to normalize calcification of the ventral epiphysis of the vertebral bodies, where GAG remained elevated, and treatment did not prevent intervertebral disk degeneration [62, 87] . However, treated dogs showed a significant improvement in life span and mobility. Lentiviral vectors allowed significant improvements in lumbar and femoral lengths in treated newborn and adult MPS VII mice after an intravenous administration [89] , while intracerebroventricular administration allowed biochemically and histopathologically brain correction and better clearance of storage material from the eye [92] . The use of AAV vectors to treat MPS VII mice showed stable GUSB expression for up to 6 months in the brain [91] , and comparison between AAV9 and capsid-modified AAV vectors showed that the modified vector reduced cognitive deficits and brain GAG storage [90] .
MPS IVA (Morquio A syndrome)
The first study of gene therapy for Morquio A was conducted using a g-retrovirus vector. This resulted in increased GALNS activity and reduced GAGs in transduced normal and Morquio A human lymphoblastoid B cells, human keratinocytes, murine myoblasts (C2C12) and rabbit synoviocytes (HIG-82) [93] . Subsequently, AAV vectors were selected for Morquio A gene therapy studies and divided into three phases. In the first phase, the effect of the promoter region on GALNS expression was evaluated in vitro, showing that eukaryotic promoters (elongation factor 1a or a1-antitrypsin) induced similar expression levels to those observed with cytomegalovirus (CMV) promoter [94] [95] [96] . These alternative promoters may help avoid the gene silencing associated with the CMV promoter [97] . Coexpression with SUMF1 resulted in a fourfold increase in enzymatic activity and favored the secretion of the enzyme [94] . In the second phase, 12 weeks after a Morquio A mouse model was treated with a single intravenous administration of these AAV vectors, plasma enzymatic activity levels were restored to 19 or 8.5% of wild-type levels, with or without coadministration with SUMF1. Enzymatic activity was increased in the peripheral tissues by up to 22% of wild-type levels, and coadministration of SUMF1 allowed significantly increased activity in most tissues. Of note, GALNS activity was not restored in bone when Morquio A mice were treated with AAV--GALNS vector alone, but coadministration of AAV--SUMF1 vector resulted in 33% of wildtype levels in this tissue. Thus, SUMF1 coexpression enabled achievement of therapeutic levels of enzyme in the most severely affected tissue [98] . Finally, in the third phase, the benefits of AAV retargeting through the modification of viral capsid were exploited [99] [100] [101] [102] [103] . The AAV vector was modified by the insertion of multiple copies of a short acidic amino acid peptide within the viral capsid to confer affinity of the virus for hydroxyapatite (HA), the major constituent of bone matrix. This increase in affinity for HA resulted in higher vector genome copies in bone, which led to a significant increase in gene expression in bone cells and enzymatic activity that was 42% of wild-type levels [104, 105] . Recently, a new set of AAV vectors carrying both GALNS and SUMF1 genes was constructed using internal ribosome entry site (IRES), either viral or human. Furthermore, lentiviral vectors carrying GALNS or SUMF1 complementary DNA (cDNA) were also evaluated. In HEK293 cells, enzymatic activities produced using SUMF1--IRES--GALNS AAV vectors, carrying either viral or human IRES, were higher than those produced using AAV--GALNS: AAV--SUMF1 cotransduction [106] [107] [108] . GALNS transduction mediated by the lentiviral vector allowed up to a 100-fold increase in enzymatic activity in comparison to the levels observed with the AAV vectors. In Morquio A fibroblasts, lentiviral vectors produced higher enzymatic activities than those observed with AAV vectors with or without the use of IRES sequences, in addition to the normalization of b-hexosaminidase and b-galactosidase levels [108] .
In summary, during the last decade, gene therapies for MPS have shown a favorable safety profile with long-term expression periods (up to 11 years) for the viral vectors and promising results for nonviral vectors. However, spine deformities seem to be difficult to correct even with neonatal therapy and supraphysiological levels of the enzymatic activity. Specifically for MPS IVA, the results show the feasibility to treat the disease by using AAV vectors with bone-targeting system and the need to use the coexpression with SUMF1 to produce therapeutic levels of the enzymatic activity in the bone. Nevertheless, further studies should focus on the longterm evaluation of the therapy with both the unmodified and the modified vectors, as well as the in vivo evaluation of the lentiviral vectors, which will show a great potential for the treatment of this disease.
Expert opinion
Morquio A syndrome is a prototype of severe progressive skeletal dysplasia, whose pathogenesis of the bone lesions remains unknown. In spite of unique clinical features including laxity of joints and normal intelligence, delay of diagnosis often happens because of ignorance of this rare disorder and false negative results of urine total GAG assay. Physicians, who take care of Morquio A patients, should be acquainted with the most common complications, diagnosis of the disease and an expert center. This will lead to earlier diagnosis for patients, providing better comprehensive therapy and avoidance of progression of irreversible damage.
A comprehensive assessment of individual patient at initial diagnosis should also be required by primary clinicians and experts since it leads to death in the second or third decade of life or severe handicaps in the absence of the proper orthopedic surgical procedure and respiratory care in an appropriate timing.
Although current treatments available do not cure the disease, they may provide the potential to improve the clinical phenotypes in the bone, especially if treatment starts at an early stage of the disease.
However, development of therapy for systemic bone dysplasia, especially in avascular growth plate region, remains an unmet challenge.
The advanced therapies described here show the potential on how to reach systemic bone disease by using the bonetargeting system. Novel targeting therapies with the current ERT or gene therapy along with newborn screening should be established for this disorder. Such strategy will facilitate to improve a quality of life in patients with Morquio A syndrome.
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